The entry of enveloped viruses into host cells is preceded by membrane fusion, which in Epstein-Barr virus (EBV) is thought to be mediated by the refolding of glycoprotein B (gB) from a prefusion to a postfusion state. In our current studies, we characterized a gB C-terminal tail domain (CTD) mutant truncated at amino acid 843 (gB843). This truncation mutant is hyperfusogenic as monitored by syncytium formation and in a quantitative fusion assay and is dependent on gH/gL for fusion activity. gB843 can rescue the fusion function of other glycoprotein mutants that have null or decreased fusion activity in epithelial and B cells. In addition, gB843 requires less gp42 and gH/gL for fusion, and can function in fusion at a lower temperature than wild-type gB, indicating a lower energy requirement for fusion activation. Since a key step in fusion is the conversion of gB from a prefusion to an active postfusion state by gH/gL, gB843 may access this activated gB state more readily. Our studies indicate that the gB CTD may participate in the fusion function by maintaining gB in an inactive prefusion form prior to activation by receptor binding.
pstein-Barr virus (EBV) is an enveloped, double-stranded DNA virus belonging to the family Herpesviridae. EBV infects more than 90% of the world population (1) . EBV infection during childhood is asymptomatic. In adolescents, however, infection can result in the development of infectious mononucleosis (1) . Numerous malignancies, such as Burkitt lymphoma, Hodgkin lymphoma, and nasopharyngeal carcinoma, are associated with EBV (1) . In addition, EBV also causes lymphoproliferative disorders in AIDS patients with immune dysfunction or in transplant patients undergoing immune suppression (1) . Four viral-membrane-associated proteins are responsible for the entry of the virus into the host cell: glycoprotein 42 (gp42), gH, gL, and gB. gp42 binds to the HLA class II molecules of B cells and determines the EBV infection tropism; it is required for B cell fusion and inhibits epithelial-cell fusion (2) (3) (4) (5) (6) (7) . gH is a receptor binding protein that interacts with gp42 or integrins, receptors that are important for epithelial-cell fusion (8, 9) . gL is essential for the correct folding of gH and its transport to the cell surface (10) , and gB is a class III viral fusogen (6, (11) (12) (13) (14) (15) . Upon activation, gB is thought to insert fusion loops into target cell membranes and then to be refolded from a prefusion to a postfusion form to drive membrane fusion (6, 11, 15) . gB is thought to be activated through interaction with gH/gL (16) , yet whether the activation by gH/gL is the same for epithelial-cell entry and B cell entry is not known. Mutagenesis studies of gH/gL suggest that there are differing mechanisms in different cell types, since some gH/gL mutants behave distinctively in epithelial-cell fusion compared to B cell fusion (17) (18) (19) .
gB is the most conserved of all the herpesvirus envelope glycoproteins. EBV gB is an 857-amino-acid protein containing three domains. The ectodomain contains nine potential N-linked glycosylation sites and a predicted 22-amino-acid cleavable signal sequence and is separated from the C-terminal tail domain (CTD) by a transmembrane domain (TMD) (amino acids 733 to 753) (11, 20) . The crystal structure of the EBV gB ectodomain revealed structural homology to herpes simplex virus 1 (HSV-1) gB, vesicular stomatitis virus glycoprotein G (VSV G), and baculovirus gp64 (11) (12) (13) (14) (15) . HSV-1 gB and EBV gB share 29% sequence identity and 43% similarity (11, 20) . For HSV-1, a cryoelectron tomography study showed individual glycoprotein complexes in transitional conformations during pore formation and dilation, reveal-ing potential fusion intermediates and structural changes that occur during herpesvirus entry (21) . Although there is no direct evidence of EBV gB refolding, a model of the prefusion and postfusion states of gB has been proposed, and it is hypothesized that gB may undergo major conformational changes during the fusion process (11) .
The gB ectodomain is composed of five domains in an elongated rod-like structure (11) . For the structurally homologous VSV G to convert from a prefusion to a postfusion conformation, domain III undergoes significant refolding. Cys 25 and Pro 26 in VSV G are located at a junction of secondary structural changes. EBV gB has Cys 68 and Pro 69 in similar positions. In VSV G, the long ␣F domain is broken into two shorter helices in the prefusion form at amino acids 272 to 274. The analogous region in EBV gB contains Gly at position 477, which could destabilize the helical structure. Thus, these amino acids of EBV gB may also function as switch residues for gB conformational changes that are induced upon membrane fusion (11) .
Although there are no crystal structures of the herpesvirus gB CTD, and the refolding mechanism that triggers EBV gB activation is still unclear, analysis of a comprehensive library of EBV gB CTD truncation mutants indicates that the gB tail plays important roles in gB-mediated fusion (22) . To gain further insight into the gB CTD and its regulation of EBV fusion, we chose gB843 as a representative hyperfusogenic mutant identified in our previous studies (22) . In our current studies, we found that gB843 rescues the function of other glycoprotein mutants that have null or decreased fusion activity in epithelial cell and B cell fusion. This rescue function may work by lowering the energy requirement for fusion activation, since gB843 allows fusion to occur more efficiently at lower temperatures than wild-type (wt) gB.
MATERIALS AND METHODS
Cell culture. Chinese hamster ovary cells (CHO-K1) were grown in Ham's F-12 medium (Corning) containing 10% heat-inactivated fetal bovine serum (FBS) complex (Corning) and 1% penicillin-streptomycin (100 U penicillin/ml, 100 g streptomycin/ml; Sigma). The Daudi 29 cell line (for B cell fusion) and human embryonic kidney 293 (HEK 293) cells (for epithelial-cell fusion) stably expressing T7 RNA polymerase (23, 24) were grown in RPMI 1640 medium (Corning) with 900 g/ml G418 (Sigma) and in Dulbecco's modified Eagle medium (DMEM) with 100 g/ml Zeocin (Invitrogen), respectively, containing 10% heat-inactivated FBS and 1% penicillin-streptomycin.
Transfection. CHO-K1 cells, grown to approximately 80% confluence, were transiently transfected with plasmids expressing the mutants, other glycoproteins essential for fusion, including gB (0.8 g), gH (0.5 g), gL (0.5 g), and gp42 (0.8 g), and a luciferase reporter plasmid with a T7 promoter (0.8 g) by using Lipofectamine 2000 transfection reagent (Invitrogen) in Opti-MEM (Gibco-Life Technologies), as described previously (25) . Equal amounts of each glycoprotein or glycoprotein mutant DNA were used in each experiment.
Fusion assay. The virus-free cell-based fusion assay was performed as described previously (25) . Briefly, CHO-K1 effector cells were transfected as described above. Twenty-four hours posttransfection, the cells were detached, counted, and mixed 1:1 with target cells expressing T7 polymerase (Daudi 29 B cells or HEK 293 T7 cells; 0.25 ϫ 10 6 target cells per sample) into a 24-well plate in 1 ml Ham's F-12 medium with 10% heatinactivated FBS. Twenty-four hours later, the cells were washed once with phosphate-buffered saline (PBS) and were lysed with 100 l of Passive Lysis Buffer (Promega). Luciferase was quantified in duplicate by transferring 20 l of lysed cells to a 96-well plate, adding 100 l of luciferase assay reagent (Promega), and measuring luminescence on a Victor plate reader (Perkin-Elmer).
Syncytium formation assay. CHO-K1 cells in 6-well plates were transfected with 0.8 g wt gB or gB843 with gH (0.5 g) and gL (0.5 g). Twenty-four hours posttransfection, the cells were detached, counted, and mixed 1:1 with 0.25 ϫ 10 6 HEK 293 target cells in 10% heat-inactivated FBS on glass coverslips in 12-well plates. Twenty-four hours later, the cells were washed once with PBS, incubated with the primary antibody E1D1 for 30 min, and then fixed with 2% paraformaldehyde. The cells were washed twice with PBST (0.2% Tween 20 in PBS) and were incubated with Alexa Fluor 488-conjugated goat anti mouse IgG (Invitrogen) in 5% bovine serum albumin (BSA) in PBS at room temperature for 1 h. After additional washes with PBST and H 2 O, coverslips were mounted on glass slides using the Prolong Gold antifade reagent with 4=,6-diamidino-2-phenylindole (DAPI) (Molecular Probes). Fluorescence images were captured with a Leica fluorescence microscope. The sizes of the syncytia were determined with ImageJ from NIH.
Duolink assay. A Duolink assay (Olink Bioscience) was performed according to the manufacturer's instructions. Briefly, CHO-K1 cells in 6-well plates were transfected with 0.8 g wt gB or gB843 with Flag-tagged gH (0.5 g) and gL (0.5 g). Eighteen hours posttransfection, the cells were detached, and 2 ϫ 10 4 cells were seeded onto 16-well chamber slides (Lab-Tek) for 24 h. The cells were then fixed with methanol and were blocked in 5% goat serum in PBS for 1 h. The slides were then incubated with mouse anti-gB antibody CL55, provided by Lindsey Hutt-Fletcher, and a rabbit anti-Flag antibody (Sigma), diluted at a 1:500 ratio in 5% goat serum in PBS overnight at 4°C. The slides were washed twice in PBS and were incubated with diluted PLA probes in a preheated humidity chamber for 1 h at 37°C. After two washes with wash buffer A, the slides were incubated with the ligation-ligase buffer in a preheated humidity chamber for 30 min at 37°C. After another two washes with wash buffer A, the slides were incubated with an amplification-polymerase solution in a preheated humidity chamber for 100 min at 37°C. The slides were washed with wash buffer B, incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen) in 5% BSA in PBS at room temperature for 1 h, and then washed twice with wash buffer B and once with 0.01ϫ wash buffer B. The slides were then dried and were mounted on glass slides using the Prolong Gold antifade reagent with DAPI (Molecular Probes). Fluorescence images were captured with a Leica fluorescence microscope.
CELISA. The expression of the various mutants in the plasma membrane was determined by a cell enzyme-linked immunosorbent assay (CELISA) as described in previous reports (25) . CHO-K1 cells were transfected with various glycoproteins and mutants. Transfected cells were split for use in the fusion assay (described above) and CELISA. Twenty-four hours posttransfection, 4 ϫ 10 4 cells/well were transferred to a 96-well plate and were incubated for another 24 h. The expression of each glycoprotein (including mutants) was evaluated using the conformation-specific antibody E1D1 for gH/gL or CL55 for gB. After incubation with the primary antibody for 30 min and fixation with 2% formaldehyde-0.2% glutaraldehyde in PBS for 15 min, a biotin-labeled anti-mouse secondary antibody was added at a 1:500 dilution and was incubated for 30 min. After washing, streptavidin-labeled horseradish peroxidase (dilution, 1:20,000) was further incubated with the fixed cells for 30 min. A peroxidase substrate was added, and the amount of cell surface staining was determined by measurement at 380 nm with a Victor plate reader (PerkinElmer).
SDS-PAGE migration assay for gB. CHO-K1 cells were transfected with a control, gB, or gB843. After 24 h, transfected cells in 6-well plates were collected and were lysed in 200 l lysis buffer (20 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 , 1% Triton X-100, and Calbiochem's 1ϫ protease inhibitor cocktail set I). The cell lysates were cleared of debris by centrifugation. One hundred microliters of the cleared lysates was mixed with 100 l 2ϫ SDS loading buffer (60 mM Tris-Cl [pH 6.8], 0.2% SDS, 25% glycerol, 0.01% bromophenol blue). The samples were loaded onto a Bio-Rad 7.5% mini-Protean TGX gel for Western blotting. After electrophoresis, proteins were transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH). The blots were blocked with 5% nonfat dry milk in TBS buffer (20 mM Tris-HCl [pH 7.6], 137 mM NaCl) for 2 h at room temperature (RT). The blots were washed with TBS and were incubated with primary antibodies (against gB or glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) overnight at 4°C. An infrared dye 800 (IRDye 800)-conjugated anti-rabbit or IRDye 680-conjugated anti-mouse secondary antibody (Li-Cor Biosciences, Lincoln, NE) was added to the membrane at a dilution ratio of 1:10,000, and incubation was continued for 1 h at RT. The protein bands on the membrane were visualized with the Odyssey Fc Western blotting imager using Image Studio, version 2.0 (Li-Cor Biosciences, Lincoln, NE).
RESULTS
The hyperfusogenicity of gB843 is gH/gL dependent. The cellular localization, expression, and fusion function of a library of EBV CTD truncation mutants have been characterized by our laboratory previously (22) . The gB CTD truncation mutants were categorized into three different classes on the basis of cell surface expression and fusion function (22) . The class II mutants had a level of gB expression similar to that of wt gB. The gB843 mutant from this class was particularly interesting because it was hyperfusogenic (22) . We chose to investigate gB843 further in order to gain mechanistic insight into how the gB CTD regulates fusion. The fusion phenotype of the gB843 mutant was determined previously by quantitative virus-free, cell-cell fusion assays monitored by luciferase activity. Studies of the cytoplasmic tail of HSV-1 revealed different results by syncytium counting and the induction of luciferase expression following cell-cell fusion (26) . Thus, in the current study, we wanted to confirm the hyperfusogenicity phenomenon using two different methods. As in our previous results, gB843 increased fusion activity for epithelial cells and Daudi B cells about 4-fold and 1.5-fold, respectively ( Fig. 1A and B), as measured in the luciferase cell-cell fusion assay. There was a very modest increase in the expression of gB843 on the cell surface, as reported previously (22) , whereas the expression levels of gH/gL were similar for wt gB and gB843 ( Fig. 1C and D) .
In addition, we examined syncytium formation by gB843 compared with that by wt gB in epithelial-cell fusion. Syncytia were stained with anti-gH/gL antibody E1D1, and the areas of syncytia were quantified using ImageJ. We found that gB843 formed much larger syncytia than wt gB ( Fig. 2A and B) . The mean syncytium area for gB843 is three times that for wt gB (Fig. 2C) .
Our laboratory previously identified EBV gB CTD mutants with truncations at amino acids 798 and 801, which mediate fusion at ϳ30% of wt levels in the absence of EBV gH/gL (27, 28) . However, these mutants do not have hyperfusogenic activity in the presence of gH/gL (22, 28) . We tested whether the gB843 mutant could mediate fusion in the absence of EBV gH/gL. As expected, in the absence of gH/gL, wt gB had background levels of fusion (Fig. 3A) . However, unlike those of the gB798 and gB801 mutants, the gB843 fusion function was still gH/gL dependent; in the absence of gH/gL, fusion activity with gB843 was comparable to that for control transfections with just wt gB (Fig. 3A) . All of the gB mutants were expressed on the cell surface (Fig. 3B) . We confirmed the absence of gH/gL expression when no gH/gL was included in the transfection (Fig. 3C) . These data together demonstrate that the hyperfusogenic phenomenon of gB843 is dependent on gH/gL. gB843 does not alter gB oligomerization or the association of gB with gH/gL. EBV gB and HSV-1 gB are known to form trimers, as observed both by size exclusion chromatography and in the relevant crystal structures (11, (29) (30) (31) . Previous studies have suggested that a region within the gB CTD may play a role in trimer formation (30) . gB oligomerization is important for fusion in B cells and epithelial cells, as evidenced by the fact that linker insertion mutants of gB defective in oligomerization fail to drive fusion (27) . Interactions between EBV gB and gH/gL also play an important role in fusion activation (16) . Given these observations, we hypothesized that the gB843 mutant could alter gB oligomerization or the interaction with gH/gL to mediate the hyperfusogenic phenomenon. To test these possibilities, we utilized the Duolink assay to examine the interaction of wt gB or gB843 with gL and Flag-tagged gH. Previous studies have shown that Flag-tagged gH and gL are functional in fusion (32) . In the Duolink assay, cells are fixed, and two proteins of interest are bound with primary antibodies from two different species. The primary antibodies are then bound by species-specific secondary antibodies conjugated with oligonucleotides. If the oligonucleotides are in close proximity (Ͻ40 nm), they circularize and are amplified after the addition of complementary oligonucleotides. The interaction is visualized by adding fluorescently labeled nucleotides during amplification. We confirmed that the staining pattern for wt gB is relatively diffuse, whereas the gB843 staining pattern is more punctate (Fig. 4,  top) , as we reported previously (22) . The patterns of red staining, indicating an interaction between gH/gL and gB, were similar for wt gB and gB843 (Fig. 4, center) , showing that there was no dramatic change in the association of gB with gH/gL. Nuclei were stained with DAPI (bottom).
To examine gB oligomerization, we compared the migration of wt gB with that of gB843 under nonreducing SDS-PAGE conditions. There was no difference in the larger oligomerized gB band between cells expressing wt gB and those expressing gB843 (Fig. 5) . These data suggest that the hyperfusogenic phenotype of gB843 is not due to increased association with gH/gL or to a difference in oligomerization between gB843 and wt gB. gB843 allows fusion with other EBV glycoprotein mutants that have decreased or no fusion function. We previously identified mutants with alterations in gH/gL and gp42 that have decreased or no detectable fusion activity in epithelial and Daudi B cells (17, 24, 25, 33, 34) . We wanted to determine whether the hyperfusogenic activity of gB843 might rescue the function of these gH/gL and gp42 mutants. Using our cell-cell fusion assay, we first investigated if gB843 can rescue fusion function with EBV gH mutants gH-R152A, gH-G49C, and gH-AAA, all of which have 10 to 20% of the fusion activity of wt gH/gL in the presence of wt gB (17, 25) . The gH-R152A and gH-G49C mutants are located at the large groove between domain I and domain II of gH/gL (17) . The gH-AAA mutant is within the integrin binding KGD motif located on the surface of domain II (25) . Interestingly, in the presence of gB843, the fusion activities of the gH-R152A, gH-G49C, and gH-AAA mutants increased to 60, 100, and 200%, respectively, of the fusion activity with wt gH/gL and wt gB (Fig. 6A) . We had previously generated a panel of gp42 linker insertion and point mutants (24, 35) and tested these for function with gB843. The gp42 linker insertion mutants were categorized into four groups: unaffected mutants, core distant mutants that may alter gp42 structure, class II mutants that do not bind to the HLA class II receptor, and mutants with mutations within the gp42 hydrophobic pocket, which may participate in binding to gH/gL (24, 35) . Except for the unaffected mutants, all the mutants exhibited decreased B cell fusion (24, 35) . In addition to these mutants, we also tested site-specific mutants with alterations within gp42 that block HLA class II binding (24, 34) and a gp42 proteolytic cleavage mutant that is membrane bound (36) . In our cell-cell fusion-based assay, the gB843 mutant rescued the activities of the membrane-bound gp42 mutant and four hydrophobic-pocket mutants from about 5 to 25% of wt fusion levels in the presence of wt gB to almost 100% of wt levels in the presence of gB843 (Fig.  6B) . However, the core/distant and HLA class II gp42 mutants were poorly rescued by gB843, with no fusion levels greater than
FIG 4
Association of gB and gB843 with gH/gL. CHO-K1 cells were transfected with EBV gB or gB843 together with Flag-gH/gL. After 18 h of transfection, CHO-K1 cells were seeded in 16-well chamber slides. The chamber slides were then fixed with methanol after 24 h of culture. The proximity of gB to gH/gL was examined using a Duolink kit (Olink) with monoclonal antibody CL55 and the rabbit anti-Flag antibody from Sigma (center), and nuclei were stained with DAPI (bottom). gB was further stained using the Alexa Fluor 488-conjugated anti-mouse secondary antibody (Invitrogen) after Duolink antibodies were added (top).
FIG 5 Oligomerization of gB and gB843. CHO-K1 cells were transfected with
an EBV control plasmid or with a wt gB or gB843 expression plasmid, as indicated. After 24 h of transfection, 1 ϫ 10 6 cells were first lysed in 100 l lysis buffer (20 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 , 1% Triton X-100, 1ϫ protease inhibitor) and then centrifuged at 13,000 rpm for 5 min. Equal amounts of 2ϫ SDS sample buffer with a low level of SDS (0.2%) were added to the supernatant. The samples were then analyzed on Bio-Rad 7.5% mini-Protean TGX gels. The data are representative of results from three independent experiments. 25% of wt levels (Fig. 6B) . These findings indicate that the overall gp42 structure and binding with the HLA class II receptor are particularly important for the function of gp42 in fusion and that fusion function is not restored by hyperfusogenic gB843.
We have also observed that rhesus gL does not function together with EBV gH, gB, and gp42 due to species-specific sequence differences in gB and gL. Therefore, we examined whether gB843 can bypass this block (Fig. 7A and B) . In agreement with our previous data, EBV gB does not induce fusion in the presence of rhesus gL (Fig. 7A and B) . However, in the presence of gB843, rhesus gL mediated levels of fusion similar to, or higher than, that with wt EBV gB and gL ( Fig. 7A and B) . This indicates that the gB843 mutant can bypass the species-specific nature of the dependence of gB on gL.
Time and temperature dependence of the fusion activity of the gB843 mutant. Previous studies have found that mutant forms of viral fusion proteins can exhibit a decrease in the energy required for fusion activation (37, 38) . Our data demonstrate that gB843 is hyperfusogenic and rescues most of the gH/gL and gp42 mutant glycoproteins that have lower fusion activity. Therefore, we hypothesized that gB843 may also have a lower energy requirement for protein activation and fusion. To analyze whether the hyperfusogenic phenotype of gB843 was due to an alteration in the energy threshold for fusion activation, the fusion activities of gB843 at different temperatures were investigated and compared to that of wt gB. Since the hyperfusogenic phenomenon is more apparent in epithelial-cell fusion, we studied temperature dependence in these cells. We first compared the fusion activities of wt gB and gB843 at different temperatures. The fusion activity of wt gB at 37°C was set at 100%. We found that even at 25°C, gB843 had 50% of the fusion activity of wt gB at 37°C (Fig. 8A) . At 28°C, the fusion activity of gB843 was about 300% of the level for wt gB at 37°C. These data confirmed our hypothesis that gB843 requires less energy for fusion than wt gB (Fig. 8A) .
In addition to temperature dependence, the time dependence of fusion in the presence of wt gB or gB843 was also analyzed. The hyperfusogenic phenotype of gB843 was maintained at all the times assayed. At the shortest time assayed (2 h), gB843 induced about 12% of the wt fusion level at 24 h; after a 6-h overlay, gB843 mediated about 50% of wt gB fusion activity (Fig. 8B) .
To further explore whether the gB843 mutant requires reduced amounts of gp42 or gH/gL for fusion, we varied the amount of cells were transiently transfected with the T7 luciferase plasmid and a vector plasmid (control) or with the T7 luciferase plasmid, gH, and EBV gB or gB843 together with EBV gL or rhesus gL in the presence (A) or absence (B) of gp42. Transfected CHO-K1 cells were overlaid with Daudi B cells (A) or epithelial cells (B) expressing T7 polymerase and were monitored for luciferase activity after 24 h. Luciferase activity was normalized to that of cells with wt EBV gH/gL levels, which was set at 100%. The data are means plus standard errors of the means for three independent experiments.
FIG 8 Time and temperature dependence of fusion with gB843. (A) CHO-K1
cells were transiently transfected with the T7 luciferase plasmid and a vector plasmid (control) or with the T7 luciferase plasmid, gH/gL, and EBV gB or gB843, as indicated. Transfected CHO-K1 cells were overlaid with epithelial cells at different temperatures, as indicated, for 24 h, and luciferase activity was measured. The data are means plus standard errors of the means for three independent experiments. (B) CHO-K1 cells were transiently transfected with the T7 luciferase plasmid and a vector plasmid (control) or with the T7 luciferase plasmid, gH/gL, and EBV gB or gB843, as indicated. Transfected CHO-K1 cells were overlaid with epithelial cells, and luciferase activity was measured after different incubation times, as indicated. The data are means plus standard errors of the means for three independent experiments. gp42 or gH/gL and tested fusion in the presence of wt gB or gB843 (Fig. 9 ). For B cell fusion, we tested many concentrations of soluble gp42, since it can be added exogenously to cells expressing gB and gH/gL (Fig. 9A) . We had shown previously that when a soluble form of gp42 is added exogenously, fusion with B cells is readily induced (2, 36) . We observed that with 7.8 l of soluble gp42, wt gB was unable to induce fusion whereas gB843 induced about 50% of the fusion activity exhibited by wt gB in the presence of the maximum amount of gp42 tested (Fig. 9A) , indicating that gB843 requires less gp42 than wt gB. With as little as 1.95 l soluble gp42, gB843 could induce fusion activity at about 13% of the level for wt gB with 250 l of soluble gp42 added. In contrast, fusion with wt gB was detected only after 15.6 l soluble gp42 was added (Fig.  9A) . Since soluble gH/gL does not efficiently mediate fusion with epithelial cells (39), we transfected varying amounts of gH/gL with a constant amount of wt gB or gB843. As observed for gp42, gB843 had more fusion activity even with the smallest amount of gH/gL tested (0.25 g) than wt gB had with the largest amount of gH/gL tested (1.0 g) (Fig. 9B) .
Together, our data indicate that the gB843 truncation decreases the energy required for fusion activation. The possibility that the ectodomain of gB843 is in a conformation more easily transformed to the postfusion state is compatible with the finding that for both HSV and EBV, removal of the gB TMD results in a spontaneous postfusion conformation in the crystal structure. Studies with Nipah virus and paramyxovirus using different monoclonal antibodies also indicate that removal of the cytoplasmic tail of the F protein may affect the ectodomain conformation, in turn resulting in faster or slower six-helix-bundle formation (38, 40) .
DISCUSSION
The entry of enveloped viruses into a host cell is preceded by membrane fusion, which in EBV is triggered either by gp42 binding to HLA class II molecules or by gH/gL binding to integrins (8, 41) . After receptor binding, the fusion protein gB induces the fusion of the virus envelope with the cell membrane. The activation of gB and the subsequent insertion of gB fusion loops are thought to be regulated by gH/gL upon binding to an epithelialcell receptor or by the interaction of gp42 with B cells. Once activated, gB likely undergoes a large conformational change from a metastable prefusion state to a highly stable postfusion structure (6) . Comparative analysis of domains III of EBV gB and VSV G indicates that gB residues Gly 477, Cys 68, and Pro 69 may participate in a conformational switch during virus entry by destabilizing helical structures in domain III, breaking them into 2 shorter helices in the prefusion form (11) . The EBV and HSV gB CTD and TMD are not present in the crystal structures, since they were deleted to generate a soluble form of gB used for purification and subsequent crystallization. Removal of the gB TMD and CTD may be responsible in part for the spontaneous adoption of a postfusion conformation, as observed previously for other fusion proteins, such as the class III baculovirus protein gp64 (14) and the class I paramyxovirus F protein (42) . Studies of the CTDs of paramyxovirus fusion proteins and the HSV-1 gB CTD, as well as our study of the EBV gB CTD, indicate that this domain has an important regulatory role in fusion activation. Both hyperfusogenic and hypofusogenic mutations can be found within the CTD (22, (43) (44) (45) (46) (47) (48) (49) . A recent study with the HSV-1 gB CTD suggests that the hyperfusion phenotype is associated with diminished membrane interactions (29) . However, hyperfusogenic HSV-1 gB CTD point mutants have either no change or increased membrane interactions, suggesting that other, unknown regulatory mechanisms may also exist (46) . The HSV-1 gB study also suggested that gB CTD deletion mutants or point mutants result in local rather than global conformational changes (29, 46) . It has also been shown that mutations in the CTDs of Nipah virus and paramyxovirus fusion proteins modulated membrane fusion by inside-out signaling, by altering the ectodomain conformation as mapped by different monoclonal antibodies (38, 40) . It is possible that the cytoplasmic tail of EBV gB may also regulate the conformation of the EBV gB ectodomain and keep it in an inactive prefusion form before fusion is triggered by receptor binding. Several possibilities that are not mutually exclusive may explain the hyperfusogenicity of gB843: (i) the gB843 mutant may alter gB oligomerization; (ii) the gB843 mutant may alter the interaction of gB with gH/gL; and (iii) the amino acids beyond gB amino acid 843 may play a role in the stabilization of the prefusion conformation.
HSV gB has been shown to oligomerize in vivo and in the gB crystal structure (15, 50) . Like that of HSV gB, the EBV gB ectodomain also forms long, spike-like trimers in the crystal structure, , with the T7 luciferase plasmid, wt gB, and different amounts of gH/gL, as indicated (filled bars), or with the T7 luciferase plasmid, gB843, and different amounts of gH/gL, as indicated (stippled bars). Twenty-four hours posttransfection, CHO-K1 cells were overlaid with epithelial cells expressing T7 polymerase. Luciferase activity was monitored after a 24-h overlay and was normalized to the activity of cells with wt gB and wt gH/gL levels (0.5 g), which was set at 100%. The data are means plus standard errors of the means for three independent experiments. and oligomerization has been shown to play an important role in fusion (27) . In addition, previous studies have shown that the CTDs of EBV gB and HSV-1 gB elute as trimers in size exclusion chromatography (29, 30) , and only linker insertion mutants with alterations in the ectodomain, not in the cytoplasmic domain, abolished EBV gB oligomerization (27) . Similarly, we observed no alteration in the oligomerization of gB in the gB843 mutant (Fig.  5) . Thus, it is unlikely that changes in gB oligomerization are responsible for the hyperfusogenic phenotype we observe with the gB843 mutant.
Our laboratory also showed, by using split yellow fluorescent protein (YFP) bimolecular complementation, that gB residues 456 to 807 play an important role in the association with gH/gL. The region from amino acid 456 to 807 contains both the ectodomain and the CTD, suggesting that both regions may be required for interaction with gH/gL and for fusion function (16) . In order to investigate if gB843 strengthens the interactions with gH/gL to increase fusion activity, we examined the association of gB843 with gH/gL by using the Duolink assay. Our data showed no significant difference between wt gB and gB843 in gH/gL association (Fig. 4) , a finding compatible with the conclusion that no regions important for gH/gL association are contained within the gB CTD.
Our laboratory found previously that the region comprising amino acids 802 to 816 in the gB CTD is necessary for productive membrane fusion and that amino acids 817 to 841 constitute a domain that reduces gB-mediated membrane fusion (49) . The amino acids beyond 843 may alter the energetics of the conversion of prefusion gB to postfusion gB, and the gB843 mutant might alter the prefusion conformation, allowing gB to acquire the postfusion state more readily in the absence of those amino acids. There are instances of virus glycoprotein mutants that can function without receptor binding or without other glycoproteins. For example, the Eisenberg and Cohen group identified novel gH mutants that can function in the absence of gD and a cellular receptor (51) . Our group also identified gB mutants, gB801 and gB798, that can function without gH/gL in epithelial cells (28) . To our surprise, unlike the gB801 mutant, which mediates epithelial-cell fusion in the absence of gH/gL at a level equivalent to ϳ40% that of wt gB in the presence of gH/gL, the gB843 mutant does not have gH/gL-independent epithelial-cell fusion activity (Fig. 3) . gB801 is expressed at much higher levels than other forms of gB; thus, gH/gL-independent fusion activity may be primarily a result of the higher cell surface expression of the gB801 mutant (28) .
One interesting observation is that gB843 can compensate for a variety of gH/gL or gp42 mutants with low or no fusion activity (Fig. 6) . We found previously that if we mutated the gH/gL KGD motif, which plays an important role in epithelial-cell fusion, to triple alanines, epithelial-cell fusion was greatly decreased (25) . However, in the presence of gB843, epithelial-cell fusion was rescued to 200% of the levels with wt gH/gL (Fig. 6A) . These data indicate that gB843 may overcome the requirement of gH/gL binding to the receptor or that greatly reduced levels of gH/gL binding are still sufficient when gB has enhanced fusion function. This is similar to the finding by the Eisenberg and Cohen laboratory that novel mutations in gB and gH circumvent the requirement for known gD receptors in HSV-1 entry and cell-to-cell spread (52) . There are a variety of possible explanations that accommodate our current results. Our gB843 mutant may mimic or access a transition state of gB that responds efficiently to weak signals from gH/gL by becoming activated and mediating fusion. The situation is different for gp42 mutants that cannot bind to HLA class II molecules, since gB843 cannot compensate for their function (Fig. 6B) . In contrast, mutants with alterations within the gp42 hydrophobic pocket are rescued by gB843. Finally, the gB843 mutant showed a hyperfusogenic phenotype at all fusion temperatures tested. Interestingly, the fusion activities at 31°C and 34°C were higher than those at 37°C for both gB843 and wt gB (Fig. 8) . Taken together, our data suggest that the gB843 mutation lowers the energy requirement for the transition of gB from a prefusion to a postfusion form and that as a result, gB843 can be triggered to mediate fusion with the weaker signals provided by gH/gL or gp42 mutants.
In summary, the gB CTD plays an important role in regulating fusion activity for both epithelial-cell and B cell fusion and serves as an important regulator of EBV-induced membrane fusion. The gB843 mutant may compensate for the function of the other glycoproteins, a phenomenon related to its decreasing the energy barrier for the proper conformational change during fusion.
